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The use of near infrared (NIR) spectroscopy for predicting levels of degradation 
in laboratory soil block tests was investigated.  Calibrations were developed for mass 
loss, compression strength, and exposure period using data measured from the prior 
methods, and untreated and mathematically treated (multiplicative scatter correction and 
first and second derivative) NIR spectra from various spans of wavelengths by partial 
least squares regression.  Strong correlations were obtained from each study conducted, 
while calibrations developed from NIR spectra from the cross-sectional face of southern 
yellow pine presented the strongest predictions.  Of them, calibrations for mass loss 
resulted in the strongest predictions.  Calibrations constructed from spectra obtained from 
the radial face of southern yellow pine also produced strong predictions, where the 
strongest model was for exposure period.  While, calibrations developed for cottonwood 
presented the weakest statistics, the strongest calibration found was for exposure period. 
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Wood is and has been an essential material for the daily lives of almost everyone 
from ancient times to the present.  It is the most abundantly used natural resource for 
construction (Goodell et al., 2008).  Wood’s ease of shaping, high strength per unit 
weight, impact resistance, versatility, aesthetic value, and sustainability makes it useful 
for many applications (Barnett and Jeronimidis, 2003; Zabel and Morrell, 1992e).  
However, large amounts of time and money are spent each year for the replacement of 
decayed wood and for research directed towards reducing decay losses.  It is estimated 
that 10% of the timber cut each year in the United States is used to replace decayed 
wood, and deterioration costs homeowners over $5 billion annually.  Even though there 
are other forms of deterioration of wood (insects, marine organisms, weathering, etc.), 
decay destroys more wood than any other type of deterioration in the world (Schultz and 
Nicholas, 2008; Zabel and Morrell, 1992e).  Decay fungi can colonize and attack wood, 
significantly decreasing its aesthetic and structural properties and eventually causing 
structural failure. 
Because decay is a major problem, much research has been directed towards 
identifying and learning how and why decay fungi attack wood and how to prevent this 
from occurring.  Many wood preservatives have been developed that hinder decay fungi’s 
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ability to colonize wood, but the testing of these preservatives and concept preservatives 
can be a slow and drawn out process because of the methods used for measuring the 
progression of decay.  There are several methods for the measurement of wood decay 
(visual, mass loss, compression strength, bending stiffness, dynamic modulus of elasticity 
(MOE), etc.).  Although these methods can present reliable results, there are problems 
with these methods that influence their accuracy and applicability when measuring wood 
decay (Nicholas and Crawford, 2003). 
Although wood decay is generally considered extremely damaging to our trees 
and wood products, it can be useful when controlled.  Decay fungi have been used to 
degrade lignocellulosics for biotechnological purposes.  Akhtar (2000) showed that the 
use of decay fungi in biomechanical pulping could save up to 33% of electrical costs and 
increase paper strength as opposed to traditional pulping methods.  Another study shows 
that fungi have been used to degrade certain chemicals in wood to aid in the breakdown 
of wood for producing biofuel (Kumar et al., 2009).  The methods currently used to 
monitor the changes in wood due to decay fungi for these processes such as wet chemical 
analysis are time consuming and can be costly.  Consequently, a rapid non-destructive 
method for the measurement of wood decay is needed. 
Near infrared (NIR) spectroscopy has the capability of measuring many of the 
properties (chemical, physical, and mechanical) associated with the degradation of wood 
by decay fungi rapidly and non-destructively with reliable quantitative results.  Several 
studies have shown that near infrared spectroscopy can measure wood decay (Ferraz et 
al., 2004; Jellison, 2002; Kelley et al., 2002; Stirling et al., 2007).  However, these studies 
used milled wood samples and did not focus on how soon near infrared spectroscopy 
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could detect decay.  Therefore, this study will focus on using near infrared spectroscopy 
to measure wood decay in accelerated soil block tests using solid wood samples.  Several 
methods for measuring decay (mass loss and compression strength) along with 
multivariate analysis will be utilized in constructing calibrations.  Prediction sets will be 
used to determine the efficacy of the calibrations and establish how soon decay can be 




 The specific objectives of this study were to: 
1. Develop calibrations for mass loss, compression strength, and exposure period 
from near infrared spectra collected from the cross-sectional face of southern 
yellow pine subjected to Gloeophyllum trabeum to determine the ability of 
near infrared spectroscopy to measure the earliest stages of brown-rot decay, 
2. Develop calibrations for mass loss, compression strength, and exposure period 
from near infrared spectra collected from the radial face of southern yellow 
pine subjected to Gloeophyllum trabeum to determine the ability of near 
infrared spectroscopy to measure brown-rot decay from spectra obtained from 
the radial face, and 
3. Develop calibrations for mass loss, compression strength, and exposure period 
from near infrared spectra collected from the cross-sectional face of 
cottonwood wafers subjected to Trametes versicolor to determine the ability 
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One disadvantage of wood is its susceptibility to fungi and bacteria that can 
discolor or even biodegrade the wood decreasing its structural stability and ruining its 
appearance.  Decay fungi are able to transform the morphological, chemical, physical, 
and mechanical properties of wood. 
Colonization by decay fungi begins with the incipient stage that occurs when 
fungal hyphae penetrate and release enzymes into the wood (Zabel and Morrell, 1992d).  
The early stage of decay is described as the point when decay can first be detected.  At 
this point there can be changes in the color and texture of the wood, and fibers can 
become brittle.  The intermediate stage begins when the effects of decay from the early 
stage become more apparent.  Once the wood structure has become entirely disrupted, the 
late stage has begun.  At this point in the decay cycle the wood can become brown, white, 
or fibrous material (Zabel and Morrell, 1992d).  Decay can be grouped into three 
categories: brown-rot, white-rot, and soft-rot.  The former two categories are generally 
caused by types of basidiomycetes.  However, some white-rot is caused by ascomycetes, 
and soft-rot is usually caused by ascomycetes or Fungi Imperfecti.  Generally, the initial 
attack of all three categories of decay fungi is through the ray cells, then hyphae travel to
 
7 
other cells through pits in the cell walls (Goodell et al., 2008; Schmidt and Czeschlik, 




 Brown-rot fungi can colonize hardwoods, but are generally associated with 
softwoods (Highley, 2000).  Brown-rot fungi have the potential to damage cells up to 
three cell widths away from the hyphae by enzymes and non-enzymatic compounds that 
are secreted from the hyphae.  These fungi generally attack the carbohydrates (cellulose 
and hemicelluloses) normally beginning with the rapid degradation of the hemicelluloses 
and then moving to cellulose in the cell wall, leaving a modified lignin in the late stage of 
decay (Goodell et al., 2008; Green and Highley, 1997; Schmidt and Czeschlik, 2006; 
Zabel and Morrell, 1992f).  The modified lignin that is left generally gives wood a brown 
color, hence the classification of brown-rot.  The rapid degradation of the carbohydrates 
can result in mass losses up to 70% (Schmidt and Czeschlik, 2006; Zabel and Morrell, 
1992a).  There is a rapid rate of strength loss in comparison to the amount of wood 
metabolized in the earlier stages of decay (Goodell et al., 2008).  These fungi can also 
cause the wood to contract, check or crack perpendicular to the grain, collapse, or even 
become powdery (Highley, 2000; Schmidt and Czeschlik, 2006). 
 
White-rot Fungi 
White-rot fungi can also inhabit both softwoods and hardwoods, but are more 
commonly associated with hardwood species (Highley, 2000; Schmidt and Czeschlik, 
2006).  These fungi can attack and degrade all major wood constituents (cellulose, 
hemicelluloses, and lignin).  Some types of white-rot fungi degrade these constituents 
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uniformly (simultaneous white-rot), while others degrade lignin much faster than 
cellulose and hemicelluloses (selective or sequential white-rot).  Since these fungi can 
degrade all the major wood constituents, they can cause mass losses up to 95-97%, but 
most white-rot fungi degrade the wood only where the hyphae are present since the 
enzymes it produces are too large to be secreted into sound wood (Goodell et al., 2008; 
Schmidt and Czeschlik, 2006; Zabel and Morrell, 1992a).  Wood attacked by white-rot 
fungi may turn white and be spongy from the degradation of lignin, but until it is severely 




Soft-rot fungi can also degrade all the major wood constituents, but many species 
attack the carbohydrates (cellulose and hemicelluloses) first.  However, some species are 
more similar to white-rot fungi, in that they prefer to degrade lignin over carbohydrates 
(Zabel and Morrell, 1992b).  Soft-rot fungi generally decay the surface or just under the 
surface.  Like brown-rot fungi, soft-rot fungi can decrease the strength of the wood up to 
50% by the time there is 5% mass loss because of early degradation of the carbohydrates 
(Schmidt and Czeschlik, 2006).  These fungi can severely degrade the wood causing 
mass losses from 3 – 60% and make it soft to the touch, but just under the zone of decay 
the wood is usually still firm (Highley, 2000; Zabel and Morrell, 1992a).  Soft-rot fungi 
can cause the wood to turn brown and in later stages the wood will become brittle and 
acquire the appearance of weathered wood (Goodell et al., 2008).  Soft-rot fungi 
generally cause rot cavities in the area they are decaying.  There are two forms of attack 
by soft-rot fungi.  Type 1 form cavities in the S2 layer of the cell wall, while type 2 
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erodes the cell wall from the S3-lumen outward (Goodell et al., 2008; Schmidt and 
Czeschlik, 2006; Zabel and Morrell, 1992b). 
 
Decay Evaluation Methods 
 
Mass Loss 
Mass loss is one of the most common methods for the measurement of wood 
decay (Zabel and Morrell, 1992a).  Although, mass loss is used quite often, there are 
many factors that affect the accuracy and applicability of this method.  Mass loss cannot 
be used on wood that already has decay present.  For accurate results the initial oven-dry 
weight (dried at 103°C) of the sample needs to be known, which is why this method is 
generally restricted to laboratory soil block decay tests (Nicholas and Crawford, 2003; 
Zabel and Morrell, 1992a).  There can be variation in mass loss analysis because of 
variation in moisture content and the inability to account for changes in mass due to 
fungus colonization (Nicholas and Crawford, 2003).  To account for some of the moisture 
content variability, mass loss is calculated by using the oven-dry weight or the weight at 
equilibrium moisture content (EMC) of the sample before inoculation and after the 
sample is removed from the fungus.  Using the EMC can be ambiguous depending on the 
amount and type of degradation and wood’s highly hygroscopic nature which can change 
as wood decays (Zabel and Morrell, 1992e).  Since strength losses are more sensitive than 
mass loss in the early stages of decay, mass loss is an ineffective measurement method 
during the early stages of decay (Highley, 2000; Nicholas and Crawford, 2003).  Decay 
studies have shown that by the time there is a 2-3% decrease in mass, the compression 
strength has undergone a reduction of close to 20% (Janzen, 2001).  In another study, it 
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was shown that the strength loss (modulus of rupture) to mass loss ratio was 4:1 when 




As stated above there can be an exponential loss in strength before a significant 
amount of mass loss can be detected.  Wood’s strength comes from cellulose microfibrils 
encased by hemicelluloses.  When decay fungi colonize the wood they begin to degrade 
the fibers resulting in high strength losses (Zabel and Morrell, 1992a).  Therefore, many 
studies have been focused on methods for measuring the changes in the mechanical 
properties of wood for the assessment of wood decay.  The most common mechanical 
properties measured to determine the effects of decay in wood are modulus of rupture, 
modulus of elasticity, work to maximum load, crushing strength, impact bending, tensile 
strength, toughness, hardness, and shear strength (Zabel and Morrell, 1992a).  Many of 
the mechanical testing methods test at least one of the stress/strain characteristics of 
wood that include the elastic region, proportional limit, maximum stress, initial failure, 
maximum load, and the mode of failure (Janzen, 2001).  Although mechanical testing has 
the ability to measure decay earlier than mass loss, some of the methods such as 
compression strength testing are destructive (exceeds the proportional limit of wood) and 
many of the methods require extensive sample preparation (samples must be a specific 
size and have to be saturated). 
Compression strength testing is an effective measurement of decay that can 
significantly decrease the amount of time that it takes to detect decay (Janzen and 
Nicholas, 2002; Nicholas and Crawford, 2003; Toole, 1971).  This method has made it 
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possible to successfully carry out soil block decay tests in 6 weeks, as opposed to mass 
loss where 16 weeks is needed (Nicholas and Crawford, 2003).  Many decay studies have 
been conducted using this method, such as Toole (1971) whose study shows very good 
coefficients of determination (R
2
) for compression tests and mass loss using 5% 
compression in the radial direction.  Although compression tests are effective for 
measuring the early stages of decay they test the modulus of rupture (MOR) of a sample, 
which requires compression of the sample beyond the maximum load carrying capacity 
(past the proportional limit) (Green et al., 2000).  Since the sample is compressed past the 
proportional limit, it is a destructive test.  Therefore, many samples must be prepared so 
there can be unexposed end matched samples to compare to the exposed samples, which 
can increase variability in the results. 
 
Near Infrared Spectroscopy 
 
Near infrared spectroscopy has many advantages over other analytical methods of 
wood property measurements.  Near infrared spectroscopy allows rapid data collection, 
can measure many properties at once, there is little or no sample preparation, and is a 
non-destructive test.  Near infrared spectroscopy has been used frequently for the 
measurement of the chemical, physical, mechanical, and morphological properties of 
wood (Marten et al., 1989).  However, there are disadvantages to using near infrared 
spectroscopy: the spectra are complex and often difficult to interpret because of 
overlapping overtones and combinations of vibrations, calibrations can only be as 
accurate as the analytical method used to construct it, and the ability of a calibration to 
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accurately measure new populations is often uncertain until it has been used on prediction 
sets for validation (Marten et al., 1989; Tsuchikawa, 2007). 
Although near infrared spectroscopy has many advantages, it has only recently 
gained popularity for analytical studies.  Originally, the near infrared region of the 
electromagnetic spectrum was considered to have useless information and was discarded 
(Barton, 2002).  However, in the early 1960’s Karl Norris conducted research at the 
United States Department of Agriculture with a homemade spectrometer that marked the 
beginning of the use of the NIR region as an accepted technique for analytical studies 
(Barton, 2002; Norris and Butler, 1961).  Near infrared spectroscopy was initially used 
for compositional analysis of agricultural products and food, but has been expanded over 
the years into measuring polymers, textiles, pharmaceuticals, forest products, etc (Barton, 
2002; Tsuchikawa, 2007). 
Near infrared light spans the electromagnetic spectrum from 750-2500nm 
between the visible and mid infrared regions.  Typical near infrared spectrometers scan 
the range of 800-2500nm.  Transmittance, specular reflectance, transflectance (fiber-optic 
probe), diffuse reflectance, and interactance are the methods used to gather near infrared 
spectra.  Reflectance and transmittance are used most often.  Transmittance is generally 
used for the assessment of liquids, while reflectance is primarily used for solid materials 
(Barton, 2002; Roberts et al., 2004). 
Near infrared energy causes vibrations in the chemical bonds of molecules in a 
sample.  This is caused by the overtones and combinations of overtones of the 
fundamental vibrations from the mid-infrared region that cause the functional groups C-
H, O-H, and N-H to stretch and bend.  Once the near infrared energy matches the 
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vibrations of the molecules the energy is absorbed, which is how near infrared bands are 
created.  The intensity of the band is directly associated with the change in dipole 
moment of the chemical bond during the vibration.  So, different molecular structures 
will absorb different intensities of wavelengths, causing near infrared spectra to show 
changes in the chemical and physical properties of a sample (Raymond and Schimleck, 
2002). 
Instruments used in near infrared today are significantly advanced from the 
laboratory built spectrometer Karl Norris used in the 1960’s that could only use a small 
number of selected wavelengths (Barton, 2002).  Today, the range of light used in near 
infrared spectrometers has been isolated so they only detect within a specific range of the 
electromagnetic spectrum.  Many instruments use lead sulfide detectors enabling the 
instrument to gather spectra from 1100 – 2500nm, while others use silicon detectors that 




The use of near infrared for the measurement of properties is coupled with taking 
the spectra and then analyzing the spectra by statistics to unveil the information.  There 
are basically three major categories for analyzing near infrared spectra.  First, principal 
component analysis (PCA) can be used for grouping the samples.  Second, if laboratory 
analysis of a given property has been established, calibrations can be constructed with the 
data and spectra using simple regression, multiple regression, or multivariate analysis.  
Third, once a calibration has been created multivariate techniques can be used on the 
spectra for prediction purposes.  The multivariate techniques can mask unwanted noise 
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(variations in particle size, stray light, moisture content, fiber-optic probes, etc.) to 
produce stronger calibrations.  Three of the more commonly used math treatments for the 
reduction of noise in spectra are multiplicative scatter correction, first derivative, and 
second derivative (Næs et al., 2002). 
After data has been subjected to a math treatment it can be evaluated by simple 
regression, multiple regression, or multivariate techniques.  Multivariate analysis gives a 
more complete analysis of the mathematically treated data and therefore is used more 
often than the other two methods (Næs et al., 2002).  The two forms of multivariate 
analyses generally used for analysis are principal component analysis and partial least 
squares (PLS) regression.  Principal component analysis is a data reduction method that 
uses linear combinations of the known variables to create predicted variables, which is 
most often used for pattern recognition.  The first predicted variable captures as much 
variability as possible, and the rest of the principal components thereafter account for as 
much of the remaining variability as possible (Brereton, 2007; Härdle and Simar, 2007; 
Tobias et al., 1995).  Although principal component analysis is a good method for 
analyzing data, this method does not account for the possibility of variation in the 
predicted variables.  Partial least squares regression examines the measured and predicted 
variables in paired combinations and groupings in the data that are examined to define 
relationships between samples.  It also reduces data using principal components, but 
partial least squares regression uses the maximum covariance as opposed to the variance 
with principal component analysis between the spectra and the constituent to produce 
predicted variables that have closer variability to the constituents.  Cross validation is 
used to determine the optimal amount of components for each model.  When using cross 
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validation the error decreases with each principal component until the optimum number 
of components is acquired.  If excess components are added the error begins to increase.  
Excess components are accounting for noise in the spectra and using these can over fit 




Near infrared spectroscopy has been used for the analysis of wood by measuring 
the chemical, physical, mechanical, and morphological properties of wood (Jones et al., 
2005a; Jones et al., 2005b; Kelley et al., 2004; Schimleck and Evans, 2002).  These 
properties can be affected during the decay process (Highley, 2000; Zabel and Morrell, 
1992e).  Several studies have been conducted with the use of near infrared instruments 
coupled with multivariate analysis to create calibrations for the measurement of wood 
decay (Fackler et al., 2007c; Jellison, 2002; Kelley et al., 2002).  Rapid data collection, 
minimal sample preparation, and the ability to measure many properties that are affected 
by biodegradation at once could make near infrared spectroscopy a superior analytical 
tool.  The advantages of near infrared spectroscopy over the other analytical methods of 
measuring wood decay are its abilities to detect and measure the changes in the 
chemistry, density, specific gravity, modulus of elasticity (MOE), modulus of rupture 
(MOR), and mass loss of wood in a rapid and non-destructive nature. 
Near infrared spectroscopy has been used to measure wood decay and decay 
resistance in many types of hardwoods (Fagus sylvatica, and  Populus tremuloides) and 
softwoods ( Picea spp., Pinus taeda, Pinus sylvestris, Tsuga heterophylla, Pinus 
contorta, and Abies lasiocarpa) species and by many types of white-rot (Ceriporiopsis 
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subvermispora, Phanerochaete chrysosporium, Phellinus pini, Phellinus igniarius, 
Trametes versicolor Phlebia brevispora, Merulius tremellosus, Pycnoporus sanguineus, 
Trametes pubscens, Bjerkandera adusta, Oxyporus latemarginatus, Phlebia radiata, 
Phlebia tremellosa, Trametes cervina, and  Tyromyces chioneus,), brown-rot (Postia 
placenta, Gloeophyllum trabeum, Coniophora puteana, Serpula lachrymans, and Poria 
placenta), and soft-rot (Phialophora bubakii, and Chaetomium globosum) (Fackler et al., 
2007a; Fackler et al., 2007c; Fackler et al., 2007d; Ferraz et al., 2004; Flaete and 
Haartveit, 2004; Jellison, 2002; Schmutzer et al., 2008; Stirling et al., 2007).  Several 
studies have used near infrared for the assessment of wood decay of ground wood 
(Fackler et al., 2007a; Ferraz et al., 2004; Jellison, 2002; Kelley et al., 2002; Schmutzer et 
al., 2008; Stirling et al., 2007).  Little research has been conducted on the measurement of 
wood decay by near infrared spectra collected from solid wood samples.  However, 
Fackler (2007b) and Fackler (2007c) used Fourier transform near infrared spectroscopy 
(FT-NIR) to measure the changes in mass loss and lignin content of intact beech and 
spruce veneers.  Working with solid wood can be advantageous since it could decrease 
the amount of time used for sample preparation. 
Many studies (Fackler et al., 2007a; Fackler et al., 2007b; Fackler et al., 2007c; 
Fackler et al., 2007d; Jellison, 2002; Kelley et al., 2002; Schmutzer et al., 2008) have 
used mass loss, lignin content, or both to create calibrations for near infrared or Fourier 
transform spectroscopy for the measurement of wood decay.  Stirling (2007) found good 
correlation between caustic solubility, buffering capacity, and near infrared spectroscopy 
for predicting white-rot decay of ground hardwood chips.  The use of near infrared 
spectroscopy to monitor the change in cellulose and aryl-ether contents in lignin has been 
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used for the assessment of wood decay in loblolly pine (Pinus taeda) (Ferraz et al., 2004).  
Extractive content and mass loss have been used to create near infrared calibrations for 
the measurement of decay resistance of Scotts pine (Pinus sylvestris) (Flaete and 
Haartveit, 2004; Leinonen et al., 2008).  While these studies have shown the ability of 
near infrared spectroscopy to measure wood decay they were not really focused on how 
soon decay can be detected successfully by near infrared spectroscopy.  Jellison (2002) 
found that near infrared calibrations using mass loss could detect brown-rot decay in red 
spruce (Picea rubens) when weight loss was greater than 3%.  Another study showed that 
near infrared spectroscopy can be used for monitoring the change in the lignin content of 
milled spruce (Picea spp.) samples subjected to white-rot decay within 10 days 
(Schmutzer et al., 2008).  Although these studies have covered a few of the analytical 
methods used for decay measurement (chemical analysis and mass loss) there are other 
methods (compression test, bending test, etc.) that may have the potential of creating 
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NONDESTRUCTIVE ASSESSMENT OF PINUS SPP. WAFERS SUBJECTED TO 
GLOEOPHYLLUM TRABEUM IN SOIL BLOCK DECAY TESTS BY DIFFUSE 





The use of calibrated near infrared (NIR) spectroscopy for measuring and 
predicting the advancement of wood decay in Pinus spp. sapwood wafers that were 
subjected to Gloeophyllum trabeum for periods ranging from 1 – 10 days was 
investigated.  NIR spectra were obtained from the center of the cross-sectional face of 
each sample before and after decay tests.  Mass loss and compression tests were also used 
to measure the progression of decay.  Calibrations were created from NIR spectra, mass 
loss, and compression strength data using untreated and mathematically treated 
(multiplicative scatter correction and first and second derivative) spectra.  Strong 
relationships were derived from the calibrations with the strongest R
2
 values being 0.98 
(mass loss) and 0.97 (compression strength).  Calibrations for mass loss showed the 
strongest statistics for predicting wood decay of a separate test set (0.85 raw, second 
derivative to 0.76 MSC), while predictions for compression strength of the decayed 
samples resulted in R
2
 of 0.69 (raw) to 0.54 (MSC).  Calibrations created from the 
                                                             
1 B. Green, P. D. Jones, D. D. Nicholas, L. R. Schmileck, and R. Shmulsky. 2010. Wood Science and 
Technology. 
Reprinted here with the permission of the publisher. 
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amount of time the samples were decayed showed strong statistics indicating that NIR 




Wood decay is a phenomenon that destroys valuable wood products, costing 
homeowners and forest products industries an immense amount of money each year for 
both losses due to decay and research directed towards the prevention of decay.  It is 
estimated that 10% of the timber cut each year in the United States is used to replace 
deteriorated wood (Zabel and Morrell, 1992e).  Deterioration costs homeowners over $5 
billion annually (Schultz and Nicholas, 2008).  Once decay is noticeable, it is often too 
late to effectively neutralize the problem without replacing the wood.  Treating wood 
products with preservatives can help prevent decay fungi from degrading the wood.  
However, research on wood preservatives generally takes long periods of time because of 
the decay assessment methods currently used.  Current methods used to measure decay 
are subjective, slow, often destructive, require considerable sample preparation, and can 
be ineffective at measuring early stages of decay (Nicholas and Crawford, 2003; Zabel 
and Morrell, 1992c).  Therefore, a rapid and nondestructive method for the measurement 
of wood decay is needed. 
Near infrared (NIR) spectroscopy has the capability of measuring many wood 
properties (chemistry, modulus of elasticity, modulus of rupture, density, etc) affected by 
decay fungi.  Several studies (Jones  et al., 2006; Kelley et al., 2004; Raymond and 
Schimleck, 2002) have shown that NIR spectroscopy has the ability to measure the 
chemical properties of wood.  Other studies (Jones et al., 2005b; Kelley et al., 2004; 
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Meder et al., 2003; Schimleck et al., 2002; Schimleck et al., 2003b) have used NIR to 
measure the physical and mechanical properties of wood. 
Although these studies have shown that calibrations using NIR spectra could be 
used for the measurement of many of the wood properties affected by wood decay, little 
research has been directed towards the use of NIR spectroscopy to measure wood decay.  
Kelley et al. (2002) acquired a correlation coefficient of 0.96 for the prediction of brown-
rot decay of milled spruce samples.  Other studies have used pH, electrical resistance, 
cation composition, and chemical analysis in conjunction with NIR spectroscopy to 
develop calibrations for predicting wood decay (Ferraz et al., 2004; Jellison, 2002; 
Stirling et al., 2007).  Although these studies have shown that NIR could be used to 
measure wood decay, they used milled wood samples.  Measuring solid wood samples 
can be beneficial by minimizing sample preparation (i.e. decreasing the amount of time it 
takes to acquire results) and avoids destroying the sample.  In this regard, Fackler et al. 
(2007c) and Fackler et al. (2007d) used Fourier transform near infrared (FT-NIR) 
spectroscopy and multivariate analysis to measure the decay (mass loss and lignin 
change) in spruce and beech veneers. 
Another obstacle to implementing NIR spectroscopy as an acceptable method for 
the measurement of wood decay that needs to be explored further is the effectiveness of 
this method for detecting early stages of decay.  Jellison et al. (2002) found that NIR 
calibrations constructed for mass loss could detect brown-rot decay in red spruce when 
weight loss was greater than 3%.  Another study showed that NIR spectroscopy can be 
used for monitoring the change in the lignin content of milled spruce samples subjected 
to white-rot decay over a 10 day period (Schmutzer et al., 2008). 
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Southern yellow pine (Pinus spp.) is an extremely important commodity 
contributing to  approximately 74% of sawn wood consumption in the U.S. where it is 
most often used in construction for structural applications (Howard and Westby, 2009; 
Miller, 2000).  Brown-rot fungi (more commonly associated with softwoods) can 
significantly reduce the strength of wood rapidly causing a dramatic decrease in the 
structural stability of the product (Highley, 2000).  In the early stages of decay by brown-
rot fungi compression strength losses of 45% with only 10% mass loss have been 
reported (Schmidt and Czeschlik, 2006).  This is largely the result of the degradation of 
carbohydrates (hemicelluloses and cellulose) in the cell wall, which can eventually result 
in mass losses of up to 70% (Zabel and Morrell, 1992a).  There is a need for a rapid and 
nondestructive method for the measurement of wood decay in order to reduce the time it 
takes to acquire reliable quantitative results. Consequently, the objectives of this study 
were to: 
1. determine whether NIR spectroscopy could be used as a method for 
measuring progressive decay in solid wood samples, and 
2. examine the efficacy of wood decay calibrations to predict wood decay when 
subjected to an unknown data set. 
 




Two pine sapwood sticks measuring 18 x 18mm (radial x tangential direction) 
were cut from 900mm long boards for each test.  The sticks were then cut into 5mm thick 
wafers (Fig 3.1).  The wafers cut from the two sticks were separated to create two data 
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sets (stick 1 and 2) for each test.  Wafers for test 1 and test 2 were cut from two separate 
boards.  A total of 204 wafers (102 from each stick) were cut for test 1 (calibration set), 
while 272 (136 from each stick) wafers were cut for test 2 (validation set).  
Approximately 152mm from each of the two sticks used in test 1 was unavailable for 
analysis because of variation in the grain.  Each wafer was marked sequentially as they 
were cut.  Unexposed wafers were designated as the odd numbered wafers and were 
obtained from each side of the exposed wafers so differences in their compression 
strength could be used to determine the strength loss of the exposed wafers.  The wafers 
were separated into groups consisting of 17 wafers per group.  Test 1 consisted of 12 







Diagram of the size and relationship of unexposed and exposed wafers. 
 
 
Soil Block Decay Test 
The wafers were subjected to laboratory soil block decay tests where they were 
inoculated with the brown-rot fungus Gloeophyllum trabeum following the procedure 
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outlined in AWPA Standard E22-09 with the exception that no preservatives were added.  
In the first test, two groups (one group from each stick consisting of a total of 16 – 18 
wafers) of wafers were assigned to each of the six different exposure periods consisting 
of 2, 3, 4, 6, 8, and 10 days.  For the second test, wafers were subjected to the fungus 
from 1 – 8 days (one group from each stick for each exposure period).  After the wafers 
were subjected to the fungus for the predetermined amount of days, they were pulled 
from the incubator (set at 28° C) and the mycelium was wiped off with cotton balls.  
They were then placed in a controlled environment room set at a temperature of 20° C 
and a relative humidity of 40% resulting in 8% equilibrium moisture content (EMC). 
 
Mass Loss Analysis 
 
After 8% EMC was achieved, each wafer was weighed on a balance and their 
weights were recorded to a thousandth of a gram for their initial weights.  After decay 
tests were run they were reweighed (again at 8% EMC) on the same balance to acquire 
the mass of the exposed samples so that mass loss could be calculated. 
Values for mass loss were derived by observing the difference in the initial weight 
and the weight after exposure to the fungus.  The difference was used to calculate a 
percentage mass loss.  ((Initial weight – Exposed weight) / Initial weight) x 100.  The 
mass of each wafer was then entered into SAS version 9.2 (SAS Institute Inc. Cary, NC, 
USA) where the samples were tested for correlation between both sticks (using the 
general linear model (GLM) and tukey procedures) to ensure that each sample within 
each stick degraded similarly, and each group was tested for a significant difference using 
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the same procedure as above to discover when (by exposure period) mass loss could 
effectively detect decay. 
 
Near Infrared Spectroscopy 
 
Before NIR spectra were taken, the samples were placed in a controlled 
environment chamber to achieve an EMC of 8%.  The wafers were then transported in 
sealed bags and containers to a controlled environment room at the Warnell School of 
Forestry and Natural Resources, The University of Georgia where they were allowed to 
equilibrate, again to 8% EMC using a temperature of 20° C with a relative humidity of 
40%.  NIR spectra were collected from the center of the cross-sectional face of the wafers 
at the same location as that used for the initial test before exposure to the fungus. 
Diffuse reflectance NIR spectra were collected from each wafer at 2 nm intervals 
over the wavelength range 1100-2400 nm using a FOSS NIRSystems Model 5000 
scanning spectrophotometer (Silver Spring, Maryland, U.S.A.).  An Optiprobe analyzer 
fiber-optic probe was used to gather the spectra.  A ceramic standard was used as the 
instruments reference each day before the samples were measured.  Thirty-two scans 
were accumulated and averaged to create one spectrum for each measurement.  NIR 
spectra from the decayed samples and other data from decay measuring methods (mass 
loss analysis, compression strength, and exposure period) were used to construct 
calibrations. 
 
Wood Decay Calibrations 
 
Spectral data were analyzed by The Unscrambler version 8.0 software (Camo AS, 
Norway).  Calibrations were constructed using both raw and mathematically treated NIR 
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spectra, using the results from mass loss analysis and compression strength along with 
PLS regression.  The effects of the mathematical treatments of an individual spectrum 
before and after exposure can be seen in Figure 3.2.  A calibration was also developed 
using the number of days the samples were exposed to the fungus (exposure period) to 
determine if NIR could accurately measure the levels of decay and designate the amount 
of decay measured to a particular exposure period throughout the ten days of exposure. 
Tests on calibrations were run for both soil block tests 1 and 2 to distinguish 
which test created the strongest calibrations.  Tests were also run to distinguish which 
decay measurement method (mass loss, or compression strength) produced the stronger 
calibration.  The mathematical treatments (first derivative, second derivative, and 
multiplicative scatter correction (MSC)) are spectral noise reduction methods used in 
order to acquire more robust calibrations.  First and second derivative math treatments 
were developed using the Savtizky-Golay approach with left and right gaps of 8nm.  Four 
cross-validation segments and a maximum of ten factors were used to construct the 
calibrations.  The number of factors used was determined by The Unscrambler software.  
The coefficient of determination (R
2
), standard error of calibration (SEC), standard error 
of cross validation (SECV), and ratio of performance to deviation (RPDc) (Williams and 
Sobering, 1993) calculated as the ratio of the standard deviation of the measured data to 














Raw and mathematically treated exposed and unexposed NIR spectra from one Pinus 























































































































Prediction of Wood Decay 
The calibrations constructed by NIR, mass loss, and compression strength were 
tested for their ability to predict wood decay, while the exposure period calibrations were 
used to determine how well NIR spectroscopy could predict the amount of decay at each 
exposure period.  Statistics for analyzing the efficacy of the calibration to accurately 
predict an independent data set included Rp
2
 (value calculated to show the ability of the 
calibration to account for the variation in the prediction set), standard error of prediction 
(SEP) (the measure of the calibrations ability to predict wood decay in samples not used 
in the calibration set), and the RPDp
 
, which evaluates the predictive ability of the 




The wafers from the soil block tests were tested by compression strength as 
outlined in the AWPA Standard E22 – 09 procedure.  The soil block wafers were 
saturated with deionized water before compression tests were conducted.  In this process 
the samples were placed in a container with weights on top to prevent the samples from 
floating.  The containers were filled with deionized water until the water was 
approximately 50mm above the samples.  A vacuum of 635mm.Hg was applied to the 
wafers for 30 minutes.  The vacuum was then released and the samples remained 
submerged overnight. 
Before compression tests were implemented, each wafer was measured in all three 
directions by an automated micrometer that automatically recorded the data.  These 
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measurements were then loaded into a program used for compression testing to provide 
the necessary data needed to calculate the compression strength of the samples. 
After saturation and volume measurement, each wafer was subjected to 
compression tests using the testing apparatus at Mississippi State’s Forest Products 
Laboratory.  The wafers were held in place by a spring loaded clamp directly under the 
crosshead.  Wafers were positioned so that the load was received in the radial direction.  
The apparatus is comprised of a two-phase hybrid stepping motor with a load cell that 
directs the crosshead at the desired speed and compression over the surface of the wafer. 
Software designed for this machine regulated the speed, load, and amount of 
compression at a controlled rate.  This software retains the deformation and applied load 
and converts the load from millivolts, which is the amount of energy used to compress 
the wafer, into grams to construct a stress/strain relationship.  This information was used 
to construct a stress/strain graph and was saved automatically.  The load cell used for 
compression was rated at 45.36kg.  A linear transducer monitored the crosshead until the 
wafer reached 5% compression at a rate of 0.5mm/min, then retracted completing a full 
cycle. 
Compression strength was derived from the stress/strain relationship beyond the 
proportional limit when the wafers were compressed to 95% of their width.  All of the 
sample’s (exposed and unexposed) compression strength values were downloaded from 
the computer software, and the mean of the exposed and unexposed samples within each 
exposure period of each stick were compared to determine the effects of decay.  SAS 
software was used to ensure that each sample’s compression strength correlated between 
the two sticks in each test and to determine at what exposure period a significant 
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difference could be found between exposed and unexposed samples using the same 





Mass Loss and Compression Strength 
Figure 3.3 shows the progression of decay by mass loss and compression strength 
loss for test 1.  With 95% confidence a significant difference between exposure periods 
was achieved at four days of exposure by compression analysis with strength losses of 
11.73% when mass losses were only 0.47%.  Mass loss did not significantly detect decay 
until day six when mass losses of the wafers reached 4.48% and strength losses reached 
43.29%.  Two exposed and one unexposed sample were omitted from the results from 
test 2 and not used in the NIR models (compression strength only) because of operational 
error in the compression test.  In test 2 (Fig. 3.4) compression strength detected 
statistically significant decay at day five (alpha = 0.05) with strength losses of 36.49% 
and mass losses of 1.75%.  A significant difference for mass loss was seen at day six with 




















Relationships between the average mass and compression strength losses in test 1after 







Relationships between the average mass and compression strength losses in test 2 after 








































Wood Decay Calibrations 
Calibration statistics for Mass loss, compression strength, and exposure period of 
decayed Pinus spp. created by several mathematical methods can be seen in Table 3.1.  
Mass loss calibrations appeared to be the strongest with coefficients of determination (R
2
) 
ranging from 0.98 (first derivative) to 0.95 (MSC) and had ratios of performance to 
deviation (RPDc) ranging from 6.04 (raw) to 3.83 (second derivative) using 2 (MSC) to 4 
(raw, first and second derivative) factors.  Although the compression strength calibrations 
had similar R
2
 values 0.97 (first derivative) to 0.95 (second derivative), their RPDc values 
4.24 (first derivative) to 3.03 (second derivative) using 3 (second derivative) to 5 (raw) 
factors, were lower than the values for exposure period.  Exposure period calibrations 
showed strong R
2
 values ranging from 0.96 (raw and first derivative) to 0.94 (second 
derivative) with RPDc values ranging from 4.81 (first derivative) to 3.24 (second 
























Summary statistics for mass loss, compression strength, and exposure calibrations created 






 SEC SECV Factors RPD 
Mass Loss  Raw 








0.96 1.27% 1.78% 4 3.83 
 MSC 








 5 4.04 





 4 4.24 
 2nd 










 4 4.09 
Exposure Raw 
0.96 0.55 Days 0.65 Days 5 4.74 
 1st Derivative 
0.96 0.55 Days 0.64 Days 4 4.81 
 2nd 
Derivative 0.94 0.67 Days 0.95 Days 4 3.24 
 MSC 
0.95 0.61 Days 0.69 Days 3 4.46 
 
Wood Decay Predictions 
Test 2 was used as a separate test set to test the prediction efficacy of the 
calibrations for each method (mass loss, compression strength, and exposure periods).  
Table 3.2 shows a summary of the statistics acquired from testing each calibration’s 
ability to predict the separate data set.  R
2
 for prediction Rp
2
 and RPDp were slightly 
lower in most cases, and the SEP was higher than the SEC values obtained for the 
calibrations.  Predictions for mass loss showed the strongest statistics with Rp
2
 ranging 
from 0.85 (raw, second derivative) to 0.76 (MSC) with RPDp values ranging from 4.91 
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(raw) to 2.45 (MSC) with the number of factors ranging from 2 (MSC) to 4 (raw, first 
and second derivative).  Corresponding to the calibration statistics, compression strength 
showed weaker predictions when compared to mass loss and exposure period calibrations 
with Rp
2
 ranging from 0.69 (raw) to 0.54 (MSC) and RPDp values ranging 2.61 (raw) to 
2.00 (second derivative) with 3 (second derivative) to 5 (raw) factors.  Prediction values 
for the exposure periods were strong with Rp
2
 ranging 0.72 (raw) to 0.59 (second 
derivative) with RPDp values ranging 2.39 (raw) to 1.82 (MSC) and the number of factors 




Summary statistics for mass loss, compression strength, and exposure, predicted using the 
calibrations created from raw spectral data collected from 1100-2400nm. 
 
Method Math Treatment R
2
  SEP Factors RPDp 
Mass Loss Raw 0.85 1.39% 4 4.91 
 1st Derivative 0.83 1.59% 4 4.29 
 2nd Derivative 0.85 1.55% 4 4.40 
 MSC 0.76 2.78% 2 2.45 
Compression Strength Raw 0.69 19.53 g/mm
2
 5 2.61 
 1st Derivative 0.57 21.00 g/mm
2
 4 2.42 
 2nd Derivative 0.59 25.46 g/mm
2
 3 2.00 
 MSC 0.54 21.76 g/mm
2
 4 2.34 
Exposure Raw 0.72 1.29 Days 5 2.39 
 1st Derivative 0.69 1.41 Days 4 2.18 
 2nd Derivative 0.59 1.47 Days 4 2.10 




In this study, calibrations for mass loss analysis, compression strength, and 
exposure period were developed using NIR spectra from the cross-sectional face of Pinus 
spp. wafers decayed by G. trabeum (1-10 days) in order to develop a rapid nondestructive 
technique for measuring decay that can produce reliable quantitative results in the earliest 
stages of wood decay.  The calibrations (raw and mathematically treated) were tested 
against an independent data set from a separate soil block test (test 2).  The strongest 
calibrations and predictions were derived for mass loss.  The strong R
2 
and RPD values 
suggest that NIR spectroscopy could be an effective method for the measurement of 
wood decay.  RPD values greater than 2.5 are considered satisfactory for screening 
purposes (Schimleck et al., 2003a).  Each model (mass loss, compression strength, and 
exposure period) produced an RPDp greater than 2.5.  Mass loss predictions produced 
with raw and second derivative data showed the best correlation, while raw predictions 
had the highest RPDp values.  Results from mass loss predictions of decayed wood were 
similar to those found by Jellison et al. (2002) who found a correlation coefficient (R) of 
0.93 (R
2
 = 0.86) at only 3% mass loss, and Kelley et al. (2002) also showed strong 
statistics (R = 0.96; R
2
 = 0.92) for mass loss of samples decayed from 0 – 16 weeks 
(weight losses up to 70.7% by G. trabeum).  While their research showed that NIR 
spectroscopy could predict wood decay, they used milled spruce samples. This study 
presented strong R
2 
values (0.85) for predicting the mass loss of intact southern pine 
Pinus spp. samples decayed from 1 – 10 days with weight losses reaching 17.43%.  Other 
studies (Fackler et al., 2007a; Fackler et al., 2007d) also showed good correlation 
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between mass loss and FT-NIR spectra from spruce (R
2
 = 0.93) and beech (R
2 
= 0.81) 
samples subjected to white and brown-rot fungi.  
Calibrations developed by compression strength showed reasonable statistics for 
predicting decay, but were considerably weaker than those found using mass loss.  
Several studies (Jones et al., 2005b; Meder et al., 2003; Schimleck et al., 2002; 
Schimleck et al., 2003b) have successfully used NIR spectroscopy for measuring the 
strength properties of wood.  These studies concentrated on the correlation between NIR 
spectra and the modulus of elasticity.  In this study reasonable Rp
2
 were found (0.69 from 
raw data) when using calibrations developed from transverse compression strength data, 
and although the RPDp shown to be strong enough for screening purposes, values were 
lower than mass loss RPDp values.  Further research is being conducted for compression 
strength using cottonwood samples subjected to T. versicolor and radially cut pine 
samples subjected to G. trabeum to further test the use of strength testing past the 
proportional limit and it’s correlation to NIR. 
Calibrations derived using the exposure period with NIR spectra were used to 
assess the ability of NIR spectroscopy to accurately determine the progression of decay.  
Statistics showed that NIR could adequately predict the progression of decay from 1 -10 
days. 
Mathematically treating the spectral data occasionally improved calibrations 
statistics: first derivative data for mass loss, the first derivative and MSC data for 
compression strength calibrations, and the first derivative data for the exposure period 
calibrations.  However, predictions based on raw spectra generally showed the strongest 
statistics.  Jones et al. (2005b) found that there was no-one mathematical treatment 
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superior for measuring the density, microfibril angle, and stiffness of Pinus taeda, but for 





This study indicates that wood decay of solid Pinus spp. samples subjected to G. 
trabeum can be accurately measured using mass loss and compression strength 
calibrations based on NIR spectra.  Mass loss calibrations gave the strongest relationships 
when used to predict wood decay of a separate test set that was not included in the 
calibration.  Although compression strength and exposure period calibrations did not 
perform as well as the mass loss calibrations, RPDp values were reasonable.  The strength 
of the calibrations for each method varied with the different mathematical treatments, but 
for predictions the raw data presented the strongest results.  Although mass loss is a 
common method of decay measurement, compression strength was shown to be more 
sensitive to the early stages of fungal degradation.  Therefore, further research should be 
conducted using strength properties and NIR spectroscopy to enhance calibrations for 
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RAPID ASSESSMENT OF PINUS SPP. DECAYED BY GLOEOPHYLLUM 
TRABEUM AT VARIOUS EXPOSURE PERIODS BY NEAR INFRARED  





The use of near infrared (NIR) spectroscopy for predicting levels of degradation 
in southern yellow pine (Pinus spp.) decayed by Gloeophyllum trabeum for periods 
ranging from one to eight days was investigated.  Calibrations were developed from mass 
loss, compression strength, and exposure period data, and untreated and mathematically 
treated (multiplicative scatter correction and first and second derivative) NIR spectra 
collected from the center of the radial face over various wavelength ranges by partial 
least squares regression.  Strong relationships were derived with the strongest R
2
 values 
being 0.97 (exposure period), 0.94 (compression strength), and 0.91 (mass loss).  
Calibrations for exposure period showed the strongest statistics for predicting wood 
decay of the validation test set (R
2
 = 0.92; RPDp = 3.95 (first derivative, 1100-2250nm)), 
while predictions for mass loss of the decayed samples resulted in an R
2
 = 0.86 and an 
RPDp = 3.17 (MSC, 1100-2500nm), and the strongest compression strength prediction 
resulted in R
2
 = 0.76 and an RPDp = 2.50 (second derivative, 1100-2500nm).
                                                             




These results suggest that NIR spectroscopy can adequately predict wood decay from 
spectra collected from the radial face. 





Decay can rapidly destroy the aesthetic appeal and structural stability of wood 
causing a need to replace wood products in structures and dramatic decreases in profit for 
the forest products industry.  It is estimated that 10% of the timber cut each year in the 
U.S. is used to replace deteriorated wood (Zabel and Morrell, 1992e).  Recent estimates 
suggest that deterioration of wood costs homeowners over $5 billion annually (Schultz 
and Nicholas, 2008).  Complete loss of wood can be prevented if decay is detected early.  
However, decay is rarely apparent until its later stages when the physical and mechanical 
properties of wood are seriously affected.  Considerable reductions in strength are found 
in the early stages of decay by brown-rot because of the rapid degradation of the 
carbohydrates.  In fact, compression strength losses of 45% with only 10% mass loss 
have been reported (Schmidt and Czeschlik, 2006).  Southern yellow pine (Pinus spp.) is 
an extremely important commodity contributing to  approximately 74% of sawn wood 
consumption in the U.S. where it is most often used in construction for structural 
applications (Howard and Westby, 2009; Miller, 2000).  Brown-rot fungi are more 
commonly associated with softwoods and therefore have dramatic affects on wooden 
structures when conditions for growth are suitable (Highley, 2000). 
In most cases preservatives can help prevent decay fungi from degrading the 
wood.  Current methods used to measure decay and used in preservative research are 
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subjective, slow, and destructive, and require considerable sample preparation, and can 
be ineffective at measuring early stages of decay (Nicholas and Crawford, 2003; Zabel 
and Morrell, 1992c).  In turn, research on wood preservatives generally takes long 
periods of time and generally results in unusable specimens because of destructive 
assessment tests.  Therefore, a rapid and non-destructive method for the measurement of 
wood decay is needed. 
Near infrared (NIR) spectroscopy can simultaneously measure many wood 
properties affected by decay fungi rapidly and non-destructively with minimal or no 
sample preparation.  Several studies (Jones et al., 2006; Kelley et al., 2004; Raymond and 
Schimleck, 2002) have shown that NIR spectroscopy has the ability to measure the 
chemical properties of wood.  Brown-rot fungi affect the carbohydrates (hemicelluloses 
and cellulose) early in the decay process eventually leaving a modified lignin (Goodell et 
al., 2008; Green and Highley, 1997; Schmidt and Czeschlik, 2006).  Other studies (Jones 
et al., 2005b; Kelley et al., 2004; Meder et al., 2003; Schimleck et al., 2002; Schimleck et 
al., 2003b) have used NIR spectroscopy to measure the physical and mechanical 
properties of wood. 
Although NIR spectroscopy has successfully been used to measure many of the 
properties affected by decay fungi, little research has been directed toward the use of NIR 
spectroscopy to measure wood decay.  Kelley et al. (2002) obtained a correlation 
coefficient of 0.96 for the prediction of the mass loss of milled spruce samples decayed 
by brown-rot fungi using NIR spectroscopy.  Other studies have used other decay 
measuring techniques: pH, electrical resistance, cation composition, and chemical 
analysis in conjunction with NIR spectroscopy to develop calibrations for predicting 
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wood decay (Ferraz et al., 2004; Jellison, 2002; Stirling et al., 2007).  Although these 
studies have shown that NIR could be used to measure wood decay, they used milled 
wood samples.  Measuring solid wood samples can be beneficial by minimizing sample 
preparation (i.e. decreasing the amount of time it takes to acquire results) and avoids 
destroying the sample.  In this regard, Fackler et al. (2007c) and Fackler et al. (2007d) 
used Fourier transform near infrared (FT-NIR) spectroscopy along with multivariate 
analysis to measure the decay (mass loss and lignin change) in spruce and beech veneers. 
Another obstacle to implementing NIR spectroscopy as an acceptable method for 
the measurement of wood decay that needs to be explored further is the effectiveness of 
this method for detecting early stages of decay.  Jellison et al. (2002) found that NIR 
calibrations developed for mass loss could detect brown-rot decay in red spruce when 
weight loss was greater than 3%.  Another study (Schmutzer et al., 2008) showed that 
NIR spectroscopy can be used for monitoring the change in the lignin content of milled 
spruce samples subjected to white-rot decay over a 10 day period.  In a recent study 
(Green et al., 2010) NIR spectroscopy was used to predict mass loss, compression 
strength, and the level of degradation by day (exposure period) of southern yellow pine 
wafers decayed by Gloeophyllum trabeum from NIR spectra collected from the cross-
sectional face.  Strong calibrations were developed with coefficients of determination 
(R
2
) ranging from 0.98 – 0.94.  When collecting spectra from the cross-sectional face 
higher absorbance is generally noticed particularly attributed to the energy flow along the 
wood fibres.  In this regard, less energy is collected from a given NIR spectra (Schimleck 
et al., 2003b).  In order to further develop the application of NIR spectroscopy for 
prediction of wood decay, this research was conducted to establish if NIR spectra 
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collected from the radial face could present similar results to those collected from the 
cross-sectional face. 
There is a need for a rapid and non-destructive method for the measurement of 
wood decay of solid wood samples in order to reduce the time it takes to acquire reliable 
quantitative results.  Therefore, the objectives of this study were to: 
1. determine whether NIR spectroscopy could be used as a method for 
measuring progressive decay in solid wood samples by using NIR spectra 
collected from the radial face to develop calibrations, and 
2. examine the efficacy of wood decay calibrations to predict wood decay when 
subjected to an unknown data set. 
 




Two-hundred seventy two southern yellow pine (Pinus spp.) wafers (18 x 18 x 
5mm in the L x R x T direction) were cut from two clear wood sticks that came from a 
single board.  Samples from each stick were kept separate to create two separate tests.  
Each sample was marked sequentially as they were cut.  Unexposed wafers (odd 
numbered wafers) were obtained from each side of the exposed so differences in their 
compression strength could be used to determine the strength loss of the exposed 
samples.  This test consisted of 16 groups consisting of 17 samples (8-9 exposed 






Soil Block Decay Test 
 
The samples were inoculated with the brown-rot fungus Gloeophyllum trabeum in 
an accelerated soil block decay tests following the procedure outlined in AWPA Standard 
E22-09 with the exception that no preservatives were added.  Two of the sixteen groups 
(one group from each stick consisting of a total of 16 – 18 wafers) were assigned to each 
of the eight exposure periods consisting of 1 – 8 consecutive days.  Once the wafers 
reached their predetermined exposure period, they were pulled from the incubator (set at 
28° C) and the mycelium was wiped off with cotton balls.  The wafers were then placed 
in a controlled environment room (20° C and a relative humidity of 40%) to bring them 
to 8% equilibrium moisture content (EMC). 
 
Mass Loss Analysis 
 
Once 8% EMC was achieved, each wafer was weighed to acquire initial mass on 
a balance where their weights were recorded to a thousandth of a gram.  After decay 
testing the exposed wafers were reweighed (again at 8% EMC) on the same balance to 
acquire the mass of the exposed samples so that mass loss could be calculated.  Values 
for mass loss were derived by observing the difference in the initial weight and the 
weight after exposure to the fungus.  Percentage mass loss was then calculated from the 
difference using: 
((Initial weight – Exposed weight) / Initial weight) x 100 (1) 
The mass of each wafer was then entered into SAS version 9.2 (SAS Institute Inc. Cary, 
NC, USA) where the samples were tested for correlation between both sticks (using the 
general linear model (GLM) and Tukey procedures) to ensure that each sample within 
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each stick degraded similarly, and each group was tested for a significant difference using 
the same procedure as above to discover when (by exposure period) mass loss could 
effectively detect decay. 
Near Infrared Spectroscopy 
Samples were placed in a controlled environment chamber set at a temperature of 
20° C with a relative humidity of 40% to attain 8% EMC for NIR analysis.  The wafers 
were then transported in sealed bags and containers to a controlled environment room at 
the Warnell School of Forestry and Natural Resources, The University of Georgia where 
they were allowed to equilibrate, again to 8% EMC.  NIR spectra were collected from the 
center of the radial face of each wafer. 
Diffuse reflectance NIR spectra were collected from each wafer by an Optiprobe 
analyzer fiber-optic probe attached to a FOSS NIRSystems Model 5000 scanning 
spectrophotometer (Silver Spring, Maryland, U.S.A.).  Spectra were collected in 2nm 
intervals over the wavelength range 1100-2500nm.  A ceramic standard was used as the 
instruments reference.  A single spectrum was obtained by averaging the thirty-two scans 
collected from each measurement.  NIR spectra from the decayed samples and other data 
from decay measuring methods (mass loss analysis, compression strength, and exposure 
period) were used to develop calibrations. 
 
Wood Decay Calibrations 
 
The wood decay calibrations were created by The Unscrambler version 8.0 
software (Camo AS, Norway).  Calibrations were created using both the raw and 
mathematically treated NIR spectra (68 spectra) and using the results from mass loss 
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analysis and compression strength along with PLS regression.  A calibration was also 
developed using the number of days the samples were exposed to the fungus (exposure 
period) to determine if NIR could accurately measure the levels of decay and designate 
the amount of decay measured to a particular exposure period throughout the eight days 
of exposure.  The full wavelength range of the spectrometer (1100-2500nm) was initially 
used to develop calibrations.  After noticing a considerable amount of noise in the 2300-
2500nm range, pruning the spectra was explored as a way of improving the strength of 
the calibration statistics.  Noise can be seen in Figure 4.1 after approximately 2300nm 
and is similar to that reported in Jones et al. (2007).  Further reductions (50nm steps from 
2500-2200nm) were implemented because of increases in calibration statistics (possibly 
because of reductions in both noise and variables presenting variation) until the 





























First and second derivative data (produced by the Savtizky-Golay approach with 
left and right gaps of 8nm), and multiplicative scatter correction (MSC) are spectral noise 
reduction methods used in order to acquire improved calibrations (Næs et al., 2002).  
Four cross-validation segments and a maximum of ten factors were used to produce the 
calibrations.  The number of factors used was determined by The Unscrambler software.  
The coefficient of determination (R
2
), standard error of calibration (SEC), standard error 
of cross validation (SECV), and ratio of performance to deviation (RPDc) (Williams and 
Sobering, 1993) calculated as the ratio of the standard deviation of the measured data to 
the SECV was used to evaluate the calibrations performance. 
 
Prediction of Wood Decay 
 
Calibrations developed by NIR, mass loss, and compression strength were 
examined for their ability to predict wood decay of 68 samples not included in the 
calibration set (validation set).  While the exposure period calibrations were used to 
determine how well NIR spectroscopy could predict the exposure period by the degree of 
degradation in the validation set.  Statistics for analyzing the efficacy of the calibration to 
accurately predict an independent data set included Rp
2
 (value calculated to show the 
ability of the calibration to account for the variation in the prediction set), standard error 
of prediction (SEP) (the measure of the calibrations ability to predict wood decay of a 
separate data set not included in the calibration), and the RPDp
 
, which evaluates the 
predictive ability of the calibrations and is the ratio of the standard deviation of the 
measured data to the SEP.  The RPD was used as the identifier of the strongest 
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calibrations and predictions in this study, because it allows evaluation of calibrations 




The AWPA Standard E22 – 09 procedure was followed when performing 
compression strength testing on the exposed and unexposed wafers.  Before being 
subjected to compression testing the soil block wafers were saturated with deionized 
water.  In this process the samples were placed in a container with weights on top to keep 
the samples submerged.  The containers were filled with deionized water until the water 
was approximately 50mm above the samples.  A vacuum of 635mmHg was applied to the 
wafers for 30 minutes.  The vacuum was then released and the samples remained 
submerged overnight.  Before implementing compression testing, the length, width, and 
thickness of each wafer were measured by an automated micrometer that automatically 
recorded the data.  These measurements were then loaded into a program used for 
compression testing that provides the necessary data needed to calculate the compression 
strength of the samples. 
After saturation and volume measurement, each wafer was subjected to 
compression tests using the testing apparatus at Mississippi State’s Forest Products 
Laboratory.  The wafers were held in place by a spring loaded clamp directly under the 
crosshead.  Wafers were positioned so that the load was received in the radial direction.  
The apparatus is comprised of a low speed synchronous motor with a load cell that 
directs the crosshead at the desired speed and compression over the surface of the wafer. 
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Software designed for this machine regulated the speed, load, and amount of 
compression at a controlled rate.  This software retains the deformation and applied load 
and converts the load from millivolts, which is the amount of energy used to compress 
the wafer, into grams to produce a stress/strain relationship.  This information was used 
to construct a stress/strain graph and was saved automatically.  The load cell used for 
compression was rated at 45.36kg.  A linear transducer monitored the crosshead until the 
wafer reached 5% compression at a rate of 0.5mm/min, then retracted completing a full 
cycle. 
Compression strength was derived from the stress/strain relationship beyond the 
proportional limit when the wafers were compressed by 5% of their width.  All of the 
sample’s (exposed and unexposed) compression strength values were downloaded from 
the computer software, and the mean of the exposed and unexposed samples within each 
exposure period of each stick were compared to determine the effects of decay.  SAS 
software was used to ensure that each sample’s compression strength correlated between 
the two sticks and to determine at what exposure period a significant difference could be 
found between exposed and unexposed samples using the same procedures as described 






Figure 4.2a (stick 1) and 4.2b (stick 2) show the effects of decay on mass and 
compression strength throughout the eight days of exposure.  A statistically significant 
difference in exposure period for the average of both sticks (p-value < 0.0001; alpha = 
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0.05) was found after five days of exposure by mass loss analysis with mass losses 
reaching 1.22% when strength losses were 6.64%.  A significant difference (p-value < 
0.0001) in compression strength was found on day six when strength losses reached 





























Relationships between the average mass and compression strength losses in stick 1 (a) 
and stick 2 (b) after various periods of exposure to G. trabeum.  Note: The star  




































Wood Decay Calibrations 
The two strongest calibrations for mass loss, compression strength, and exposure 
period of decayed Pinus spp. can be seen in Table 4.1.  The calibrations were created 
using mathematically treated (second derivative, MSC) NIR spectra and various 
wavelength ranges.  The exposure period calibration developed with second derivative 
spectra and wavelengths from 1100-2250nm had the strongest statistics with an R
2
 = 
0.97, and an RPDc = 5.00, using 3 factors.  The strongest mass loss calibration was 
produced from raw spectra over the range 1100-2200nm (R
2
 = 0.91, RPDc = 3.13, 4 
factors), while the strongest compression strength calibration was produced with first 
derivative data and wavelengths ranging from 1100-2400nm (R
2
 = 0.94, RPDc = 2.27, 6 
factors). 
 
Wood Decay Predictions 
 
Table 4.2 shows a summary of the prediction statistics (two strongest predictions) 
acquired from testing each calibration’s (mass loss, compression strength, and exposure 
periods) ability to predict properties of the validation set (stick 2).  Predictions were very 
good, with the first derivative (1100-2250nm) exposure period calibration being the 
strongest (Rp
2
 = 0.92, RPDp = 3.95, 4 factors), followed by the mass loss calibration 
produced from MSC treated spectra over the range 1100-2500nm (Rp
2
 = 0.86, RPDp = 
3.17, 3 factors).  The compression strength calibration based on second derivative spectra 
(1100-2500nm) also showed strong predictive ability with an Rp
2
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In this study, calibrations for mass loss, compression strength, and exposure 
period were developed using NIR spectra obtained from the radial face of Pinus spp. 
samples decayed by G. trabeum (1-8 days).  The calibrations provide a rapid non-
destructive technique for quantitatively measuring decay in its earliest stages.  
Calibrations were tested against a validation set (stick 2) to determine their predictive 
ability.  Calibrations for the number of days of exposure to the fungus (exposure period) 
showed the strongest statistics, indicating that NIR spectroscopy could accurately 
measure the amount of degradation in the earliest stages of decay. 
Calibrations for mass loss and compression strength also presented strong 
statistics.  The mass loss calibration was the stronger of the two, but compression strength 
calibrations produced reasonable RPDp values suggesting that either of the two 
calibrations could be used to present accurate decay prediction.  Results from mass loss 
predictions of decayed wood were similar to those found by Jellison et al. (2002) and 
Kelley et al. (2002) who found good correlation with mass loss calibrations used to 
measure decay in milled samples subjected to brown-rot fungi. 
Although strong results were presented from calibrations and predictions for mass 
loss and compression strength, they were weaker than those found in Green et al. (2010) 
where similar tests were conducted but the NIR spectra were collected from the cross-
sectional face as opposed to the radial face which was utilized in this study.  Calibrations 
for exposure period, on the other hand, were stronger when NIR spectra were obtained 
from the radial face.  The ability to obtain NIR spectra from the radial face for accurate 
prediction of wood decay can be beneficial since measurement of the cross-sectional face 
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is not always accessible.  Schimleck et al. (2003b) reported that using spectra collected 
from the radial face for measuring microfibril angle, air-dry density, and stiffness was 
superior than spectra obtained from the cross-sectional face.  Results from the radial face 
and cross-sectional face were similar indicating that reliable decay prediction can be 
conducted using NIR spectra collected from either face. 
Calibrations were developed from the full NIR wavelength achievable with the 
instrument used in this study (1100-2500nm) and shorter wavelength ranges in order to 
reduce spectral noise along with untreated and mathematically treated spectra.  Results 
varied across both mathematical treatment and wavelength range similarly to the results 
found in earlier studies (Green et al., 2010; Jones et al., 2005b).  The strongest calibration 
and prediction for exposure period was produced by first derivative spectra from 1100-
2250nm.  Raw spectra led to the development of the strongest mass loss calibration 
(1100-2200nm), but MSC treated spectra gave the strongest predictions (1100-2500nm).  
First derivative spectra (1100-2400nm) gave the strongest compression strength 
calibration, while second derivative spectra (1100-2500nm) gave the strongest prediction. 
Although the strongest calibrations were developed with spectra pruned to 1100-
2400nm or less, the strongest predictions for mass loss and compression strength were 
derived from calibrations created with spectra from 1100-2500nm and with fewer factors 
in most cases.  The true test of a calibration is its predictive ability when subjected to an 
unknown data set.  Therefore, pruning the spectra was not necessary for mass loss and 
compression strength.  However, the strongest exposure period prediction was produced 
with spectra from the wavelength range 1100-2250nm (RPDp = 3.95), but was followed 




This study indicates that wood decay of solid Pinus spp. samples subjected to G. 
trabeum can be accurately measured using mass loss, compression strength, and exposure 
period calibrations based on NIR spectra collected from the radial face.  Exposure period 
calibrations showed the strongest predictive ability, although, both mass loss and 
compression strength calibrations also had strong RPDp values.  No-one mathematical 
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NON-DESTRUCTIVE ASSESSMENT OF POPULUS DELTOIDES WAFERS 






The application of near infrared (NIR) spectroscopy for predicting levels of 
degradation in eastern cottonwood (Populus deltoides) decayed by a white-rot fungus 
(Trametes versicolor) for periods ranging from one to eight days was investigated.  NIR 
spectra collected from the center of the cross-sectional face of each sample after 
laboratory soil block decay tests were used to develop calibrations.  Calibrations were 
developed from mass loss, compression strength, and exposure period data, and untreated 
and mathematically treated (multiplicative scatter correction, and first and second 
derivative) NIR spectra from various ranges of wavelengths by partial least squares 
regression.  Results from the different mathematical methods were variable with the 
strongest calibration (exposure period) being based on first derivative NIR spectra over 
the wavelength range 1100-2100nm followed by the mass loss calibration derived with 
first derivative NIR spectra (1100-1900nm), and the weakest calibration (compression 
strength) created with multiplicative scatter correction (MSC) treated spectra over the 
wavelength range (1100-1800nm).  Low RPDp values (1.93 – 0.60) could be a result of 
                                                             
3 B. Green, P. D. Jones, D. D. Nicholas, L. R. Schmileck, and R. Shmulsky 
 
67 
the small amount of degradation observed.  Further research allowing longer exposure to 
T. versicolor for more significant amounts of degradation is required to determine if the 
predictability of decay can be increased. 




 Wood decay can have disastrous effects on wood products, causing billions of 
dollars of damage and requiring approximately 10% of the timber harvested each year to 
be directed towards the replacement of deteriorated wood (Schultz and Nicholas, 2008; 
Zabel and Morrell, 1992e).  Although wood decay is generally thought of as a destructive 
nuisance, when controlled properly these fungi can be used to our advantages.  Specific 
fungi have been used for the degradation of lignocellulosics for biotechnological 
purposes.  Research has shown that Ceriporiopsis subvermispora could increase paper 
strength and decrease energy costs of pulping up to 33% (Akhtar et al., 2000).  Van Beek 
(2007) shows that Trametes versicolor can lower resin acids (40%) and triglycerides 
(100%), and contributed to less toxic effluents for pulping processes.  The methods 
currently used to detect and measure wood decay are subjective, slow, and destructive, 
and require considerable sample preparation, and are generally restricted to laboratory 
use.  These downfalls restrict the ability to detect decay in early stages i.e. the wood has 
lost structural strength and value by the time decay is detected, and analysis of decay in 
lignocellulosics is often time consuming and costly.  Therefore, a rapid and non-
destructive method for the measurement of wood decay is required. 
 
68 
 Decay fungi utilize wood chemical constituents causing changes in the amount of 
cellulose, hemicelluloses, and lignin in turn causing changes in properties including the 
strength, density, and mass of wood.  Brown-rot fungi attack the hemicelluloses and 
cellulose of wood leaving a modified lignin, while some species of white-rot fungi 
selectively (selective white-rot) attack lignin in the early stages of fungal growth and 
other species attack all major wood chemical constituents almost simultaneously 
(simultaneous white-rot) (Schmidt and Czeschlik, 2006). 
 Near infrared (NIR) spectroscopy can simultaneously measure many wood 
properties (chemistry, modulus of elasticity, modulus of rupture, density, etc) affected by 
decay fungi, non-destructively.  Several studies  have shown that NIR spectroscopy has 
the ability to measure the chemical, physical, and mechanical properties of wood (Jones  
et al., 2006; Jones et al., 2005b; Kelley et al., 2004; Meder et al., 2003; Raymond and 
Schimleck, 2002; Schimleck and Evans, 2002; Schimleck et al., 2003b).  Although NIR 
spectroscopy has successfully been used to measure many of the properties affected by 
decay fungi, little research has been directed toward the use of NIR spectroscopy to 
measure wood decay.  Research has shown that NIR spectroscopy and Fourier transform 
near infrared (FT-NIR) spectroscopy could measure the lignin and cellulose content of 
milled spruce and pine samples when subjected to several white-rot fungi and one brown-
rot fungus (Ferraz et al., 2004; Schmutzer et al., 2008).  Furthermore, Stirling et al. 
(2007) used NIR spectra collected from milled wood samples along with partial least 
squares regression to build calibrations that could successfully measure caustic solubility 
and the buffering capacity of samples decayed by many species of white, brown, and 
soft-rot fungi.  Stronger correlations were found with brown-rotted samples from 
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softwoods, but the calibrations were able to measure white-rotted hardwood samples 
effectively.  Although these studies have shown that NIR spectroscopy could be used to 
measure wood decay, they used milled wood samples.  Measuring solid wood samples 
can be beneficial by minimizing sample preparation (i.e. decreasing the amount of time it 
takes to acquire results) and avoids destroying the sample. 
Fackler’s (2007a; 2007c; 2007d) research shows that NIR spectroscopy has the 
potential to measure both mass loss and lignin content in samples (solid and milled) of 
beech and spruce by white and brown-rot fungi.  In one study (Fackler et al., 2007c), it 
was shown that the strongest results were acquired from extracted milled wood samples.  
Further research directed towards the measurement and prediction of white-rot fungi on a 
day by day basis by calibrations designed from other types of decay analysis needs to be 
conducted to possibly produce stronger calibrations for measuring the earliest stages of 
progressive decay in solid wood samples.  Thus, the objectives of this study were to: 
1. develop wood decay calibrations to establish if NIR spectroscopy could be a 
plausible method for the measurement of the earliest stages of white-rot decay 
in cottonwood, and 
2. evaluate wood decay calibrations by estimating levels of decay in a separate 
validation set. 
 




Two sticks (18 x 18mm R x T direction) were cut from one board of Populus 
deltiodes sapwood. 271 5mm wafers were cut from both sticks by a fine toothed band 
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saw and were kept separate to form two groups (calibration set (stick 1) and validation set 
(stick 2)).  Samples were marked sequentially as they were cut.  Unexposed wafers were 
collected from each side of the exposed wafers for more accurate compression strength 
analysis.  The difference in compression strength of the end matched control and exposed 
wafers were used to determine the strength loss of the decayed samples.  The wafers were 
separated into groups of 17 except for one group that consisted of only 16 (group 8, stick 
2).  There were a total of 16 groups where two groups (one from each stick) were 
assigned to each of the eight exposure periods. 
 
Soil Block Decay Test 
 
The samples were subjected to accelerated soil block decay tests using the white-
rot fungus Trametes versicolor (simultaneous white-rot) following the procedure outlined 
in AWPA Standard E22-09 with the exception that no preservatives were added.  The 
samples were assigned to one of eight different exposure periods consisting of 1-8 days 
consecutively (two groups one from each data set, or 8 – 9 (16 – 18 total) samples from 
each data set for each exposure period).  Once the samples were put in the inoculated soil 
cups they were placed in an incubator set at 28° C for the predetermined amount of days 
and were then pulled from the incubator and the mycelium was wiped off with cotton 
balls.  They were then placed in a controlled environment set at 20° C with a relative 
humidity of 40%. 
 
Mass Loss Analysis 
 
Once the wafers were cut they were placed in a controlled environment room that 
held a constant temperature of 20° C and a relative humidity of 40% to obtain 8% 
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equilibrium moisture content (EMC).  Once 8% EMC was achieved each wafer was 
weighed on a balance were their initial weights were recorded to a thousandth of a gram.  
The same procedure was followed after decay tests were run to acquire the mass of the 
exposed samples. 
Values for mass loss were derived by observing the difference in the initial weight 
and the weight after exposure to the fungus.  The difference was used to calculate a 
percentage mass loss using: 
((Initial weight – Exposed weight) / Initial weight) x 100 (2) 
The mass of each wafer was then entered into SAS version 9.2 (SAS Institute Inc. Cary, 
NC, USA) where the samples were tested for correlation between both sticks (using the 
general linear model (GLM) and Tukey procedures) to ensure that each sample within 
each stick degraded similarly, and each group was tested for a significant difference using 
the same procedure as above to discover when (by exposure period) mass loss could 
effectively detect decay. 
 
Near Infrared Spectroscopy 
 
Before NIR spectra were collected, the samples were placed in a controlled 
environment (20° C and a relative humidity of 40%) to achieve 8% EMC.  The wafers 
were then transported in sealed bags and containers to a controlled environment room at 
the Warnell School of Forestry and Natural Resources, The University of Georgia.  They 
were then allowed to equilibrate to 8% EMC again. 
Diffuse reflectance NIR spectra were obtained from the center of the cross-
sectional face at approximately the same place before and after decay tests using a FOSS 
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NIRSystems Model 5000 scanning spectrophotometer (Silver Spring, Maryland, U.S.A.).  
An Optiprobe analyzer fiber-optic probe was used to collect the spectra at 2nm intervals 
throughout the wavelength range 1100-2500nm.  The instrument reference was a ceramic 
standard.  Thirty-two scans were accumulated and averaged to create one spectrum from 
the center of each wafer. 
 
Wood Decay Calibrations 
 
Spectral data were analyzed by The Unscrambler version 8.0 software (Camo AS, 
Norway).  Calibrations were constructed using both raw and mathematically treated NIR 
spectra (68 spectra) using the results from mass loss analysis and compression strength 
along with partial least squares regression.  A calibration was also developed using the 
number of days the samples were exposed to the fungus (exposure period) to determine if 
NIR could accurately measure the levels of decay and designate the amount of decay 
measured to a particular exposure period throughout the eight days of exposure.  The full 
wavelength range of the spectrometer (1100-2500nm) was initially used to develop 
calibrations.  After noticing a considerable amount of noise, it was determined that 
pruning the spectra may increase the strength of calibration statistics.  Noise can be seen 
in Figure 5.1 after approximately 2300nm and is similar to that reported in Jones et al. 
(2007).  Further reductions (100nm steps from 1100-2500nm – 1100-1800nm) were 
implemented because of increases in calibration statistics (possibly because of reductions 
in both noise and variables presenting variation) until the wavelength range of 1100-











The mathematical treatments (first and second derivatives) and scatter correction 
(multiplicative scatter correction (MSC)) techniques are spectral noise reduction methods 
used in order to create calibrations (Næs et al., 2002).  The Savtizky-Golay method with 
left and right gaps of 8nm was used to create first and second derivative spectral data.  
Four cross-validation segments and a maximum of ten factors were used.  The number of 
factors used was determined by The Unscrambler software.  The coefficient of 
determination (R
2
), standard error of calibration (SEC) (derived from the residuals of the 
final calibration), standard error of cross validation (SECV) (derived from the residuals 
of each of the four cross validation phases), and ratio of performance to deviation (RPDc) 
(Williams and Sobering, 1993) used to compare calibrations produced for different wood 


























performance.  The RPDc is calculated as the ratio of the standard deviation of the 
measured data to the SECV. 
 
Prediction of Wood Decay 
 
 The calibrations produced by NIR spectra, mass loss, and compression strength 
were examined for their ability to predict wood decay, on a set of samples not included in 
the calibration set (validation set).  Then the exposure period calibrations were used to 
determine if NIR spectroscopy could accurately predict and distinguish the levels of 
decay in the validation set (68 samples).  The performance of the calibrations in 
predicting a given parameter of the independent data set included Rp
2
 (value calculated to 
show the ability of the calibration to account for the variation in the prediction set), 
standard error of prediction (SEP) (the measure of the calibrations ability to predict wood 
decay in samples not used in the calibration set), and the RPDp
 
, which evaluates the 
predictive ability of the calibrations and is the ratio of the standard deviation of the 
measured data to the SEP.  The RPD was used as the identifier of the strongest 
calibrations and predictions in this study, because it allows evaluation of calibrations 




Compression strength analysis of the unexposed and exposed samples for 
measuring the effects of decay was implemented as outlined in the AWPA Standard E22 
– 09 procedure.  The soil block wafers were saturated with deionized water before 
compression tests were conducted.  In this process the samples were placed in a container 
with weights on top to hold the samples beneath the water.  Deionized water was used to 
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fill the containers to approximately 50mm above the samples.  A vacuum of 635mmHg 
was applied to the wafers for 30 minutes.  The vacuum was then released and the samples 
remained submerged overnight. 
 Before compression tests were implemented, the height, weight, and thickness of 
each wafer were measured by an automated micrometer that automatically recorded the 
data.  These measurements were then loaded into a computer program used for 
compression testing to provide the necessary data needed to calculate the compression 
strength of the samples. 
After saturation and volume measurement, each wafer was subjected to 
compression tests using the testing apparatus at Mississippi State’s Forest Products 
Laboratory.  A spring loaded clamp was used to hold the wafers directly under the 
crosshead.  Wafers were positioned so that the load was received in the tangential 
direction.  The apparatus contains a low speed synchronous motor with a load cell rated 
at 45.36kg that directs the crosshead at the desired speed and compression over the 
surface of the wafer. 
 Software designed for this machine regulated the speed, load, and amount of 
compression at a controlled rate.  This software retains the deformation and applied load 
and converts the load from millivolts, which is the amount of energy used to compress 
the wafer, into grams to construct a stress/strain relationship.  This information was used 
to construct a stress/strain graph and was saved automatically.  A linear transducer 
monitored the crosshead until the wafer reached 5% compression at a rate of 0.5mm/min, 
then retracted completing a full cycle. 
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 Compression strength data was derived from the stress/strain relationship beyond 
the proportional limit when the wafers were compressed by 5% of their width.  The 
compression strength values for both exposed and unexposed samples were downloaded 
from the computer software, and the mean of the exposed and unexposed samples within 
each exposure period of each stick were compared to determine the effects of decay.  
SAS software was used to determine correlation of compression strength between both 
sticks (using the same procedures as noted above for mass loss) and to determine when 







 Both mass loss and compression strength were used to measure the degradation of 
the wafers.  Figures 5.2a (stick 1) and 5.2b (stick 2) shows the effects of decay on mass 
and strength.  Within the eight days of exposure little decay was seen from T. versicolor.  
A statistically significant difference (p-value < 0.0001 with 95% confidence) by mass 
loss was not seen until day seven when mass loss reached 1.27% and strength loss 
reached 14.01%.  Compression strength on the other hand, proved to be more sensitive to 
the effects of decay and with a p-value < 0.0002, a significant difference in strength was 



















Relationships between the average mass and compression strength losses in stick 1 (a) 
and stick 2 (b) after various periods of exposure to T. versicolor. Note: The star  































Wood Decay Calibrations 
The relationships between measured values and NIR-predicted values from the 
strongest calibrations (mass loss, compression strength, and exposure period) developed 
from both untreated and mathematically treated NIR spectra collected from the decayed 
P. deltoides wafers (stick 1) from wavelengths ranging 1100-1800nm to the full range 
1100-2500nm can be seen in Figure 5.3, while Table 5.1 shows a summary of statistics 
for models developed from first derivative and MSC.  Raw and second derivative 
calibration statistics are not shown because their results were inferior to the prior two 
methods.  First derivative data (1100-1900nm) presented the strongest calibration for 
mass loss with an R
2
 = 0.86 and an RPDc = 1.89 using 9 factors (Fig. 5.3a).  While the 
strongest calibration for compression strength was developed with MSC data (1100-
1800nm) presenting an R
2
 = 0.77 with an RPDc = 1.16 using 9 factors (Fig. 5.3b).  The 
exposure period calibration (1100-2100nm) developed with first derivative data had the 
strongest statistics of all three models with an R
2










Relationships between measured values and values predicted with near infrared 
spectroscopy (NIR) for mass loss (first derivative 1100-1900nm) (a),  
compression strength (MSC 1100-1800nm) (b), and exposure period  
(first derivative 1100-2100nm) (c) calibrations using untreated and  
mathematically treated NIR spectra collected from the cross- 
sectional face of P. deltoides decayed by T. versicolor.   
The full line is the regression line, while the  





























































































































SEC = 0.49 Days







Summary statistics for mass loss, compression strength, and exposure calibrations created 
from first derivative and MSC treated NIR spectra from the full wavelength range 1100-






















































 Mass Loss 
1st derivative 0.76 0.42% 0.79% 7 1.08 
MSC 0.80 0.38% 0.69% 7 1.23 
Compression 
Strength 
1st derivative 0.83 8.30g/mm2 15.00g/mm2 7 0.93 
MSC 0.76 9.80g/mm2 16.31g/mm2 6 0.85 
Exposure 
1st derivative 0.90 0.72 Days 1.41 Days 7 1.74 











 Mass Loss 
1st Derivative 0.85 0.33% 0.57% 9 1.49 
MSC 0.79 0.39% 0.65% 10 1.31 
Compression 
Strength 
1st Derivative 0.75 10.10g/mm2 12.34g/mm2 6 1.13 
MSC 0.72 10.63g/mm2 12.68g/mm2 7 1.10 
Exposure 
1st Derivative 0.95 0.49 Days 0.81 Days 9 3.02 











 Mass Loss 
1st Derivative 0.84 0.34% 0.51% 9 1.67 
MSC 0.70 0.47% 0.57% 8 1.49 
Compression 
Strength  
1st Derivative 0.75 10.10g/mm2 12.23g/mm2 6 1.14 
MSC 0.79 9.24g/mm2 12.56g/mm2 10 1.11 
Exposure  
1st Derivative 0.92 0.65 Days 0.87 Days 8 2.82 











 Mass Loss 
1st Derivative 0.86 0.31% 0.45% 9 1.89 
MSC 0.76 0.42% 0.53% 9 1.60 
Compression 
Strength 
1st Derivative 0.73 10.43g/mm2 12.04g/mm2 5 1.15 
MSC 0.75 10.12g/mm2 12.21g/mm2 8 1.14 
Exposure 
1st Derivative 0.90 0.71 Days 0.90 Days 6 2.72 











 Mass Loss 
1st Derivative 0.86 0.31% 0.48% 9 1.77 
MSC 0.81 0.37% 0.48% 10 1.77 
Compression 
Strength  
1st Derivative 0.71 10.77g/mm2 12.13g/mm2 4 1.15 
MSC 0.77 9.61g/mm2 12.00g/mm2 9 1.16 
Exposure 
1st Derivative 0.91 0.67 Days 0.89 Days 7 2.75 




Wood Decay Predictions 
Figure 5.4 shows the relationships between the measured and NIR-predicted 
values from the strongest predictions found when subjecting the mass loss, compression 
strength, and exposure period calibrations to the validation set (stick 2), while a summary 
of statistics for the predictions can be seen in Table 5.2.  Mass loss and compression 
strength predictions were relatively weak (RPDp < 1.5) (Schimleck et al., 2003a), where 
mass loss resulted in an Rp
2
 = 0.76 and an RPDp = 1.44 using 9 factors developed with 
first derivative spectra (1100-1900nm) (Fig. 5.4a), and compression strength resulted in 
an Rp
2
 = 0.46 and an RPDp = 0.60 using 8 factors using MSC treated spectra 
(compression strength (1100-1900nm)) (Fig. 5.4b), while results for exposure period 
were moderate with an Rp
2
 = 0.71 and an RPDp = 1.93 using 8 factors with first 














Relationships between measured values and values predicted with near infrared 
spectroscopy (NIR) for mass loss (first derivative 1100-1900nm) (a),  
compression strength (MSC 1100-1900nm) (b), and exposure period  
(first derivative 1100-2000nm) (c) predictions using untreated and  
mathematically treated NIR spectra collected from the cross- 
sectional face of P. deltoides decayed by T. versicolor.   
The full line is the regression line, while the broken  

























































































































Summary statistics for mass loss, compression strength, and exposure predictions from 
calibrations created from first derivative and MSC treated NIR spectra from the full 






















 Mass Loss 
1st derivative 0.08 1.11% 7 0.77 
MSC 0.19 1.05% 7 0.81 
Compression 
Strength 
1st derivative 0.14 35.53g/mm2 7 0.39 
MSC 0.41 29.84g/mm2 6 0.47 
Exposure 
1st derivative 0.29 2.43 Days 7 1.01 











 Mass Loss  
1st Derivative 0.50 0.60% 9 1.42 
MSC 0.53 0.74% 10 1.15 
Compression 
Strength  
1st Derivative 0.19 31.95g/mm2 6 0.43 
MSC 0.29 34.89g/mm2 7 0.40 
Exposure  
1st Derivative 0.62 1.43 Days 9 1.71 











 Mass Loss 
1st Derivative 0.74 0.60% 9 1.42 
MSC 0.49 0.76% 8 1.12 
Compression 
Strength 
1st Derivative 0.31 31.25g/mm2 6 0.44 
MSC 0.55 28.02g/mm2 10 0.50 
Exposure 
1st Derivative 0.71 1.27 Days 8 1.93 











 Mass Loss 
1st Derivative 0.76 0.59% 9 1.44 
MSC 0.69 0.62% 9 1.37 
Compression 
Strength 
1st Derivative 0.28 30.86g/mm2 5 0.45 
MSC 0.46 22.97g/mm2 8 0.60 
Exposure 
1st Derivative 0.66 1.44 Days 6 1.70 











 Mass Loss 
1st Derivative 0.69 0.62% 9 1.37 
MSC 0.69 0.71% 10 1.20 
Compression 
Strength 
1st Derivative 0.25 31.64g/mm2 4 0.44 
MSC 0.61 25.56g/mm2 9 0.54 
Exposure 
1st Derivative 0.74 1.30 Days 7 1.88 






The aim of this study was to investigate the ability of calibrated NIR spectroscopy 
to measure the mass loss, compression strength, and exposure period of P. deltoides soil 
block wafers decayed by T. versicolor through the earliest stages of decay (1-8 days) in 
order to present an alternate method to produce reliable quantitative measurement of 
white-rot decay in its earliest stages rapidly and non-destructively.  Calibration statistics 
suggest that it may be possible to measure white-rot decay in samples throughout 1-8 
days of exposure.  However, predictions results may have suffered because of the small 
amounts of decay seen in this test (Fig. 2).  Little decay was seen throughout the eight 
days of exposure when compared to the results seen in Green et al. (2010) when southern 
yellow pine was subjected to the brown-rot fungus Gloeophyllum trabeum which resulted 
in stronger predictions by calibrated NIR spectroscopy. 
Calibrations created from NIR spectra and data from the two decay evaluation 
methods (mass loss and compression strength) were evaluated to determine which 
calibration resulted in the strongest predictions.  Mass loss showed the strongest 
calibration and prediction between the two evaluation methods.  While, exposure period 
calibrations produced the strongest calibration and prediction out of all three models 
insinuating that NIR spectroscopy could measure the amount of degradation from 1-8 
days.  The changes in wood chemical constituents (cellulose, hemicelluloses, and lignin) 
during the decay process affect the strength and mass loss of wood of which strength 
properties (more closely related with the carbohydrates) are generally affected earlier in 
the decay process (Curling et al., 2002; Nicholas and Crawford, 2003; Zabel and Morrell, 
1992a).  However, in earlier stages of decay (< 5% mass loss) white-rot fungi affect 
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strength properties less than brown-rot fungi (Schmidt and Czeschlik, 2006; Zabel and 
Morrell, 1992a).  Although T. versicolor is considered a simultaneous white-rot the 
enzymes produced remain close to the hyphal tips, whereas brown-rot enzymes can 
diffuse a considerable distance away from the hyphal tips causing rapid decreases in 
strength (Zabel and Morrell, 1992a).  In this regard, stronger calibrations could possibly 
be created for the prediction of decay in P. deltoides if exposure to T. versicolor was 
extended to allow higher levels of degradation.  In one study (Fackler et al., 2007d) FT-
NIR spectra of unexposed, brown-rotted, and white-rotted samples (including T. 
versicolor) were used to form one model presenting an R
2
 = 0.93 for mass loss after 
several weeks of degradation following the procedures outlined in EN standard 113. 
In order to develop strong predictions, calibrations were developed from the full 
NIR wavelength achievable with the instrument used in this study (1100-2500nm) and 
shorter wavelength ranges to reduce spectral noise along with untreated and 
mathematically treated spectra.  Results varied across both mathematical treatment and 
wavelength range similarly to the results found in other studies (Green et al., 2010; Jones 
et al., 2005b).  First derivative data presented the strongest calibration and prediction for 
exposure period and mass loss at different wavelength ranges.  However, MSC treated 
spectra produced the strongest calibration and prediction for compression strength at 
different wavelength ranges.  The strongest calibrations and predictions for each model 
(mass loss, compression strength, and exposure period) were all developed from spectra 
collected below 1100-2100nm suggesting that considerable amounts of noise and 





This study indicates that NIR spectroscopy calibrations can be developed for mass 
loss, compression strength, and exposure period for the measurement of wood decay in P. 
deltoides.  Although adequate predictions were produced from NIR calibrations, low 
levels of degradation to the cottonwood samples in the eight days of exposure could have 
affected the predictive ability of the calibrations.  Further research allowing for longer 
exposure periods to T. versicolor (for more significant levels of degradation) is required 
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The research described in this thesis demonstrates the ability of near infrared 
spectroscopy to predict wood decay with calibrations developed for mass loss, 
compression strength, and exposure period.  Rapid non-destructive assessment of wood 
decay could decrease time and costs associated with preservative research and 
biotechnology monitoring.  It could also aid in the identification of wood decay in fairly 
early stages so preventative action could be taken to reduce losses presented by decay. 
It was shown that near infrared spectroscopy could measure wood decay with 
mass loss (R
2
 = 0.98, RPDc = 6.04), compression strength (R
2
 = 0.97, RPDc = 4.24), and 
exposure period (R
2
 = 0.96, RPDc = 4.81) calibrations developed from near infrared 
spectra collected from the cross-sectional face of southern yellow pine (Pinus spp.) 
wafers subjected to Gloeophllum trabeum in accelerated soil block decay tests for periods 
ranging 1 – 10 days.  The strong predictive ability of the calibrations developed from near 
infrared spectra obtained from the cross-sectional face of solid samples demonstrates the 
ability of near infrared spectroscopy to predict the levels of brown-rot decay in the earlier 
stages. 
Calibrations (mass loss, compression strength, and exposure period) developed 
from near infrared spectra collected from the radial face of Pinus spp. wafers subjected to 
G. trabeum from 1 – 8 days showed strong statistics, but were slightly weaker than those 
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found from the calibrations derived from near infrared spectra collected from the cross-
sectional face.  The strong predictions indicate that reliable prediction of the earlier stages 
of wood decay can be conducted using near infrared spectra obtained from either face 
(cross-sectional or radial) of solid Pinus spp. wafers.  The ability to obtain accurate decay 
prediction from the radial face is beneficial because in many cases the cross-sectional 
face may not be accessible for collecting the near infrared spectra. 
Calibrations were also created from near infrared spectra collected from the cross-
sectional face of eastern cottonwood (Populus deltoides) wafers that were subjected to 
Trametes versicolor from 1 – 8 days.  Statistics for both calibrations and predictions were 
adequate, but were weaker than the results found from calibrations developed from near 
infrared spectra obtained from decayed Pinus spp. wafers.  Low levels of degradation in 
the cottonwood soil block decay tests could have led to the poor results.  Therefore, 
further testing should be conducted allowing more significant levels of degradation to the 
wafers to determine if the predictive ability of calibrations developed by near infrared 
spectra obtained from P. deltiodes could become stronger.  Nevertheless, this shows that 
near infrared spectroscopy can be used to predict the earlier stages of wood decay in solid 
cottonwood wafers. 
Near infrared spectroscopy is a rapid non-destructive technique that can be used 
to measure and predict brown-rot decay in Pinus spp. and white-rot decay in P. deltoides 
wafers in the earliest stages of decay (1 – 10 days).  Encompassing the ability to measure 
not only many of the properties of wood, but also wood decay, simultaneously, near 
infrared spectroscopy could provide a superior measurement technique.  This technique is 
also advantageous in that the light weight and ruggedness of some spectrometers allows 
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their use outside of the laboratory i.e. the ability of the rapid non-destructive 
measurement of the early stages of wood decay could be extended to research plots, 
wood yards, or for at-line process control 
